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Abstract
Due to high levels of heavy metal pollution in the environment, there has always been a high
interest in organisms that have developed resistance to certain heavy metals of interest.
Microorganisms such as Pseudomonas, E. coli, and Ralstonia, have been identified as being
resistant to one or more heavy metals. Extensive work has been done with respect to mechanisms
of resistance to heavy metals in a wide array of microorganisms. However, mechanisms of
resistance are yet to be fully explored in some other microorganisms. One such example is the
Cyanobacteria, Synechococcus sp. 625 (SIU 625), formerly classified under Anastycis nidulans.
This microorganism has been known to show levels of resistance to Cu2+, Hg2+, and Fe2+.
Understanding the exact mercuric resistance mechanism in this microorganism would bring the
field of bioremediation closer to developing very effective systems for toxic waste clean up.
The growth of SIU 625 in different concentrations of mercuric chloride was studied using direct
count and turbidity study. The morphology of cells and DNA DAPI stain in different
concentrations of HgCl2 were observed with Differential Interference Phase Contrast
Fluorescence microscope (DIP). Genomic and proteomics analysis of all currently identified
mercuric resistance genes in prokaryotes were carried out to determine their relationship to
putative mercuric resistant genes in SIU 625. Primers for various genes encoding putative
mercuric resistance were designed and amplification was attempted on both chromosomal and
plasmid DNA from SIU 625. Expression levels of identified genes were then analyzed in relation
to concentration and time of mercuric exposure cells. Arrangement of identified mercuric
resistance genes were then compared to arrangement of generic mer operons.
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Introduction
1) Cyanobacteria
Cyanobacteria are unicellular, aquatic photosynthetic organisms (7). They are the oldest
known fossils; being in existence for more than 3.5 billion years. They are however still part
of the environment today and are one of the largest and most important groups of bacteria on
earth (21). Cyanobacteria were important players in shaping of the course of evolution and
various ecological changes throughout Earth's existence. They have been attributed to being
responsible for the oxygen rich atmosphere that most life forms on Earth depend on today
(21). Cyanobacteria occur in an enormous diversity of habitats, freshwater and marine, as
plankton, mats, and periphyton (7). Elot spring mats of some Oscillatoria develop up to
temperatures of 62°C. They have many beneficial functions such as nitrogen fixation and
cycling of nutrients in the food chain. Despite their beneficial roles in the environment,
Cyanobacteria sometimes become problematic. Occasionally, they increase rapidly resulting
in Cyanobacterial blooms (16). Blooms are associated with eutrophic water, especially with
levels of total phosphorus >0.01mg/L and levels of ammonia- or nitrate-nitrogen >0.1mg/L.
Optimal temperatures for blooms are 15 to 30°C, and optimal pEl is 6 to 9. Calm or mild wind
conditions sometimes allow blooms to cover the water surface, but the highest concentrations
of Cyanobacteria may occur at depths of 2 to 9 meters. These blooms can impart an off-taste
and odor to the water and/or result in the production of toxins (16).

Svnechoccus sd . IU 625 /formerly Anacvstis Nidulans)
Anacystis nidulans, is a non-motile, unicellular, rod-shaped organism, which is
similar to gram-negative bacteria in cell wall structure, replication and ability to harbor
plasmids (23). It formerly encompassed Synechococcus elongatus PCC 6301, Synechococcus
elongatus PCC 7942, and Synechococcus sp. IU 625. As a cyanobacterium, Synechococcus
sp. IU 625 is an obligate photoautotroph whose photosynthetic apparatus is similar to that of
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plants. Unlike PCC 6301 and PCC 7942, strain IU 625 is found rarely in literature. Better
DNA techniques have reclassified all A.nidulans strains as members of the Synechococcus
genus despite a rod-shaped appearance (23).
During the past few decades, many molecular biological tools have been developed for
Anacystis Nidulans, and applied to the transformation of other Cyanobacteria. Strain PCC
7942 is very closely related to, and considered the same species as, PCC 6301, which is
considered the reference strain of the genus and was also the first accession in the Pasteur
Culture Collection. Synechoccus sp. IU 625 is an obligate photoautotroph; due to its potential
generation of algal blooms it serves as a good indicator of environmental pollution. It has
been used in numerous studies to assess the effects of heavy metals as environmental
pollutants (23).

2) Mercury Toxicity
Mercury (Hg) is a heavy metal that transitions between several forms, most of which produce
both chronic and/or acute toxic effects (5). These forms include its zero oxidation state Hg°,
which exists as a vapor or liquid metal, its mercurous state Hg+, which exists as inorganic
salts, and finally its mercuric state Hg2+ which is able to form either inorganic salts or
organomercury compounds (5). Mercury toxicity is caused by exposure to either ionic
mercury or one of its compounds. The effects of mercury toxicity include damage to
neurological, gastrointestinal, and renal organs. Results of mercury poisoning include several
diseases such as Acrodynia (pink disease), Hunter-Russell syndrome, and Minamata disease.
Symptoms typically include sensory impairment (vision, hearing, speech etc), disturbed
sensation and a lack of coordination (5). The type and degree of symptoms exhibited depend
upon the individual toxin, the dose, and the method and duration of exposure.

3) Bioremediation and Heavy Metal Pollution
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Global release of industrial and agricultural chemicals has resulted in widespread
environmental pollution. The Environmental Protection Agency (EPA) estimates that more
than 1 million underground storage tanks (USTs), predominantly employed for gasoline
storage, are in service in the United States. As of 2003, over 436,000 of all USTs have
confirmed toxic releases into the environment. In addition, pollution from the application of
fertilizers and pesticides is also widespread. A recent report indicates that greater than 90% of
monitored streams and 55% of shallow groundwater sites on agricultural and urban lands are
contaminated with pesticides (20).
Currently, as a result of accidental or intentional releases of hazardous waste in the United
States, over 1.4 million acres of chemical plumes in ground water require remediation.
Furthermore, there is direct evidence that these chemical plumes are contributing to the
contamination of surface water including lakes and streams (20).
The objective of bioremediation is to exploit naturally occurring biodegradative processes to
clean up contaminated sites. Until the 1980s, bioremediation was not considered as an option
for clean up of contaminated sites. However, a recent EPA report indicates that since 1988,
the use of bioremediation at Superfund sites in the United States has become an established
alternative. Overall, from 1982 to 2005, bioremediation has been used as a remedy for control
of source contamination zones at 11% of Superfund sites and has been used for treatment of
groundwater at 34% of Superfund sites. Therefore, bioremediation has become one of the
leading options for the clean up of environmental pollution (20).
Heavy metal pollution, however, poses a very different threat than organic pollution. Metals
cannot be degraded through biological, chemical, or physical means to an innocuous by
product. More specifically, although the chemical nature of a metal can be changed through
oxidation or reduction, the elemental nature of a metal remains the same. Consequently,
metals are persistent in the environment and, further, are difficult to remove from the
environment (5).
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4) Global Mercury Cycle
Mercury is found all around Earth’s atmosphere, ranging from the air, water, and even in the
Earth’s crust. It is deposited in the elemental form and as a variety of HgS binary minerals,
such as cinnabar, metacinnabar and hypercinnabar (5). As previously mentioned, mercury
transitions between the +2, +1 and 0 oxidation states and is able to be converted to various
organic forms by natural and anthropogenic processes. Some anthropogenic sources of Hg
include the burning of fossil fuels, incineration of products such as fluorescent light fixtures,
batteries, dental restorations, and electrodes used in the chlor-alkali process (10, 19).
Mercury’s deposition onto land and natural waters is mostly cause by runoff from industries,
and sludge applications from landfills. Input from anthropogenic sources accounts for 75% of
the global input of Hg to the environment (5). The observed changes in atmospheric mercuric
concentrations over time and increased accumulation rates evident from sediment and ice
cores clearly show an increasing mercury input to the environment in the last two centuries.
Biotic and abiotic processes facilitate Hg cycling from soils and water to the atmosphere and
back to the surface by both wet and dry deposition (7,5).
5) Bacterial Heavy Metal Resistance Mechanisms
Due to ionic interactions, metals bind to many cellular ligands and displace essential metals
from their normal binding sites (10). For example, cadmium can replace zinc in the cell.
Metals also disrupt proteins by binding to sulfhydryl groups and disrupt nucleic acids by
binding to phosphate or hydroxyl groups. As a result protein and DNA conformation are
changed and function is impaired. For example, mercury often outcompetes catalytic zinc in
enzymes, rendering the enzyme inactive, and nonspecifically binds to DNA inducing single
strand breaks. Metals also affect oxidative phosphorylation and membrane permeability, as
seen with vanadate and mercury (12). Metals such as copper and iron can exist in different
oxidation states and may generate reactive oxygen species that damage proteins and nucleic
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acids. The combination of all these problems result in decreased growth, abnormal
morphological characteristics, and inhibition of biochemical processes in individual cells
(12). Because-of the toxicity and ubiquity of metals in the environment, microorganisms have
developed multiple ways of dealing with both essential and unwanted toxic metals. Levels of
essential metals have to be carefully regulated to ensure sufficient supply while avoiding
toxicity (12). This process is often referred to as metal homeostasis as opposed to resistance.
All organisms need to maintain homeostasis of different essential metals such as copper, iron,
manganese, and zinc to maintain proper cell functioning. The most common way
microorganisms deal with excess metal is to pump the metal ions out and restrict uptake at
the same time (11, 12). In addition, some microorganisms have mechanisms to sequester and
immobilize metals, whereas others enzymatically reduce the metal to a less toxic form; such
as the case in most mercury resistant microorganisms (11, 12).

6) Bacterial Resistance to Mercury Compounds
Enzymatic reduction of Hg2+ is encoded by genes of the mer operon (13). Bioinformatic
analysis of the sequences of many of these operons cloned from a diverse range of bacterial
species reveals considerable similarity of genetic organization from both Gram-positive and
Gram-negative microorganisms. Most of the operons contain a regulatory gene, MerR at one
terminus, which is divergently transcribed from the structural genes from a Mer O/P region
(except in the cases of some Gram-positive organisms) (13). Proximal to the Mer O/P region
are genes which encode transport functions: most operons possess MerT and MerP, and in
other operons MerC and an open reading frame, which has been suggested to encode a
transport function due its homology to MerT (14). Research has shown that MerP retrieves
mercuric ions from the extracellular environment and passes it along to MerT, which then
passes it to mercuric reductase encoded by MerA) which lies further downstream from the
genes encoding transport functions. MerD, encodes the presumptive down regulatory protein
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MerD (14). And finally, in operons conferring resistance to both organic and inorganic
mercury, MerA and MerD are separated by MerB, encoding organomercurial lyase. The
organomercurial lyase cleaves CH3—Hg bonds, which leaves the Hg2+ ion able to be
detoxified by mercuric reductase (14). A visual representation of a generic mer operon is seen
in Figure 1.
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Figure 1. Proposed model for bacterial mercury resistance encoded by the mer operon (Barkay et al.
2003). Mercuric resistance in most gram positive and gram negative microorganisms involves the
enzymatic reduction of Hg2+ to elemental mercury (HgO). Often plasmid mediated, two additional pathways
of mercury resistance involve the detoxification of organomercurial compounds via cleavage of C—Hg
bonds by and organomercurial lyase (MerB) followed by reduction of Hg2+to Hg°by a flavin adenine
dinucleotide (FAD)-containing , NADPH-dependent mercuric reductase (MerA). Specific to inorganic
mercury, the MerP protein in the periplasmic space shuttles Hg2+to the membrane-bound MerT protein,
which releases Hg" to the cytoplasm. Once in the cytoplasm, Hg2+ is reduced to Hg° by mercuric reductase.
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Proposal
The objectives of this research are as follows:
1) Determination of growth characteristics and morphological changes of Synechococcus sp. IU
625 in response to varying concentrations of mercuric exposure with relation to increasing
time points

2) Performance of genomic and proteinomic analysis of all currently identified mercuric
resistance genes in Synechococcus elongatus PCC 6301 and determination of their
relationship to putative mercuric resistance genes of Synechococcus sp. IU 625, as well as
other species of microorganisms

3) Identification of mercuric resistance genes and/or operon in Synechococcus sp. IU 625 and
determination of genomic or plasmid localization of the genes

4) Study of expression levels of identified mercuric resistance genes in Synechococcus sp. IU
625 upon exposure to varying concentrations of mercuric chloride at increasing time points
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Materials and Methods
1) Cyanobacteria Strain, media, and growth conditions
Pure Synechococcus sp. IU 625 stock cultures were obtained from the American Type
Culture Collection, Manassas, VA (ATCC No. 27344). The cultures were grown and
maintained in Erlenmeyer flasks containing lOOmL aliquots of sterilized Mauro’s Modified
Medium (3M medium) (35). Flasks with cells were maintained in an Innova™ 4340
incubator (New Brunswick Scientific, Edison, NJ) at a constant temperature of 30°C with
constant fluorescent light and continuous agitation at 100 RPM. Cell growth was monitored
by direct cell count using a hemocytometer and by turbidity study using a Spectronic
GENESYS 20 at OD750nm.
For mercury inoculation, a stock solution of 1% (104 mg/L) mercuric chloride was prepared
with triple deionized water in a sterile container. Syn. sp. IU 625 cells were inoculated into
250 mL Erlenmeyer flasks containing 95 mL of sterilized 3M medium at a concentration of
approximately lx l 07 cells/mL. Each of three flasks was inoculated with the following
concentrations of HgCfi: 0.1, 0.5, or 1.0 mg/L. A control culture in which no heavy metals
were added was also used. Two replicates were done for each inoculum. Samples were
incubated at 30°C. The growth of the cultures was measured by direct cell count using a
hemocytometer and by turbidity study using a Spectronic GENESYS 20 at ODysonm over a
period of 21 days.

2) Microscopic Observation
Synechococcus sp. IU 625 cells were grown for 14 days as described above. lmL aliquots of
cells were collected in microcentrifuge tubes on days 2, 4, 6, 8, 10, 12, and 14. Immediately
after collection cells were centrifuged for 1 minute, supernatants discarded and the cells were
then fixed for microscopy using a solution of 30mM sodium phosphate buffer (pH 7.5) and
2.5% formaldehyde. Cell morphology was observed with a Zeiss Axiovision microscope
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using differential interference contrast settings and in order to view nucleic acid damage,
DNA was detected via DAPI (4'6-diamidino-2-phenylindole) fluorescence. Fixed cells were
incubated with 2pg/ml DAPI for 10 minutes in the dark and aliquoted onto a 1% agarose pad.

3) Genomic and Proteinomic Analysis
Bioinformatic analysis was performed using BLAST (Basic Local Alignment Search Tool),
BLAST Tree View, PSIPRED (Protein Structure Prediction Server) and,
MEMSAT3/MEMSAT-SVM (Membrane Protein Structure and Topology Prediction). All
analysis was done using blast.ncbi.nlm.nih.gov and bioinf.cs.ucl.ac.uk.

4) DNA extraction using the InstaGene Matrix™ Bio-Rad, Cat. No. 732-6030
Synechococcus sp. IU 625 cells were grown to an OD750of 1 and 5mL of the cells were
aliquoted into sterile 15mL test tubes. Samples were centrifuged for 2-3 minutes at 10,00012,000 in a Dynac™ centrifuge and the resulting supernatants were removed. Pellets were
resuspended by adding 200pL of InstaGene™ Matrix to the pellets. Note, the resuspended
cells were transferred into sterile 1.5mL microcentrifuge tubes prior to the addition of the
InstaGene Matrix. The samples were incubated at 56°C for 30 minutes, vortexing every 10
minutes for 3-5 seconds. After the incubation period, the samples were vortexed for 10
seconds. The samples were placed in either a 100°C heat block or boiling waterbath for 8
minutes. The samples were removed from the heat block or waterbath and vortexed for 10
seconds and then centrifuged at 10,000-12,000 for 2-3 minutes. The samples were then stored
at -20°C or -80°C for future analysis by gel electrophoresis and polymerase chain reaction
(PCR).

5) Isolation of plasmid DNA using OIAGEN OIAPrep® Spin Mini-prep Kit (Cat. No. 27106)
5mL of cells grown to an OD750 of 1 were aliquoted into sterile 15mL test tubes. The samples
were centrifuged for 2-3 minutes at 10,000-12,000 in an eppendorf 5415 C centrifuge
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(Brinkmann Instruments, Westbury, NY) and DynacTM centrifuge (Clay Adams, Parsippany,
NJ), respectively. The pelleted bacterial cells were resuspended in 250pL of Buffer PI and
transferred into sterile 1.5mL microcentrifuge tubes. Next, 250pL of Buffer P2 was added to
the samples and mixed thoroughly by inverting gently. This was followed by the addition of
350pL of Buffer N3; the samples were mixed immediately and thoroughly by inverting.
Samples were then centrifuged forlO minutes at 13,000 (-17,900 x g). The resulting
supernatants were applied to QIAprep® spin columns by pipetting, making sure not to disturb
the pelleted material. The samples were centrifuged for 30-60 seconds at 13,000 and the
flow-through was discarded. Since each spin column has a maximum capacity of 800pL, this
step was repeated until all supernatant had been run through the spin column. The spin
columns were washed by adding 0.75mL (750pL) of Buffer PE and centrifuging for 30-60
seconds at 13,000 . The flow-through was discarded and the samples were centrifuged for an
additional 1-minute to remove residual wash buffer. The spin columns were placed into clean
1.5mL microcentrifuge tubes. In order to elute the desired DNA, 30-50pL of sterile water was
added to the center of each spin column, and allowed to stand for 1 minute so that the water
could be absorbed into the membrane. The samples were then centrifuged for 1 minute at
13,000. After eluting the DNA, samples were stored at -20°C or -80°C for future analysis by
gel electrophoresis and polymerase chain reaction (PCR).
6) Primer Design
Table 1 lists all of the primers used for probing of both genomic and plasmid DNA. Primers
were also designed for Real-Time PCR. Table 2 lists all of the primers designed for analysis
of expression levels of several putative mercuric resistance genes. Primers were designed
using the Primer Quest oligo design software from Integrated DNA Technologies, Inc. All

primers were optimized to have melting temperatures between 55°C and 60°C. GC
content of all primers was also optimized to fall between 47% and 50%. Finally
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primers were designed for amplification of both intergenic and intragenic regions of
genes that were of interest. For the study of expression levels, the genes CtaA, PacS, MerA,
Syc0430_d, Syc0432_c, and rpsL were used. rpsL, which codes for the 16s ribosome subunit
was used as a control in the study of expression levels. All primers except for MerB, were
designed based on the published genomic sequences of Synechococcus elongatus PCC 6301
(Genbank Accession# NC 006576). MerB primers were designed based on the published
genomic sequences of Escherichia coli AR060302 (Genbank Accession# (NC_012692)(51).

T A B L E 1 (P R IM E R S F O R P C R )
P rim er

O rien ta tio n

S eq u en ce (5 ’ to 3 ’)

G en e P rob ed /

Al
A2
Bl
B2

F o rw ard
R e v erse
F o rw ard

AGCCCTCACCCATGAATCGTCATCT
GG A TG G ACGCGATCG ATC AGT A ATT G
AGCTCGCC ACTC ATTAC AAACGG

S yc0430 d
(Syn. 6301)

G en e
L ocation
48 3 5 1 0 484 1 8 7

R ev erse
F o rw ard
R e v erse
F o rw ard
R e v erse

ACA GATTCTCGACCTTCTTGCCGA
ACCTTTCGGCAAGAAGGTCGAGAA
AGCAATGATGGGAGCCTCAGGAAA
A CCG G CG TA CTTTA CTAAC ACC A

M erA
(Syn. 6301)

48 4 2 1 7 485 7 4 0

CTGA AGTATGGGC AACTGTAGGCTC A

S yc0432 c
(Syn. 6301)

485 7 6 1 486423

F o rw ard
R e v erse
F o rw ard

TTTGGCAGGCATCAATCAACACCC
AAACTGCCGTCTGCCCAGTTA

M e rR
(Syn. 6301)

2 5 069082507081

N ifS
(Syn. 6301)

2 5 073782 508637

SufD
(Syn. 6301)

25 0 8 6 4 7 2509975

Y c f l6
(Syn. 6301)

2 5 0 99752 510760

S ufB
(Syn. 6301)

2 5 108062512245

FtrC
(Syn. 6301)

25 1 2 2 9 3 2512655

M erB
(E. C oli AR060302)

32114 -3 2 7 1 0

C taA
(Syn. 6301)

19284521930824

PacS
(Syn. 6301)

2 817530418

B3
B4
Cl
C2
D1
D2
El
E2
E3
E4
FI
F2
F3
Gl
G2
HI
H2
H3
11
12
M erB
C ta A l

C taA 2

TGCTGGGTGA GTTTCAGGACGTT A

R e v erse
F o rw ard
R e v erse
F o rw ard
F o rw ard
R ev erse
F o rw ard
R e v erse
F o rw ard
F o rw ard
R e v erse
F o rw ard
R e v erse
F o rw ard
R e v erse
F o rw ard

AGATCAGCCTTGAGCAAATCCGTG
ACCTACTTCCGAATCAACAGTGGC
CCTGAATCGACAGGATCACATCAC
ATA ACCT AAGGT AGTTAAGC AACGTCTGTG
ACG AAGCCGTATTTGTAGGGCTGGTT
ACG ATCGCCA ATCCTTCCAATCCT
GAACGTCTCACTTCGGTCAATCGT
TGCTGCTGAGCGATCGTAGATAGA

R ev erse

AAATGAAGCCCAGCAACATCACGG

TTTGGCAGGCATCAATCAACACCC
ATCCGGTCACGGAAATTTGTCAGC
GCG ACACCGACTTGTTTGGCAATTT
AGCTGGAAGAAACCGGCTACGAAT
TTGATTGAACTGGGCGCGAATAGC
AGACCAAGGGCTGACCGTTGA
ATCGCTTGCTCAGCCTCAAACT
TTGTCGCTGCTCA ACGGCAGAAAT

F o rw ard

T G CTTATCTGGC A AGTTTGGTGGC

R e v erse

TCG ACTATCAGCTTCTAAGGC AGCG

F o rw ard

GGTCAATTTGAGCTGATCGAGATTC

R e v erse

AAACTAGCTGGTGTTGACCTCTGG

F o rw ard

AGTCAGGGTGCCAGACAAGAACAA

R e v erse

ACCAACAGCAAACCCTACTCGGTT

P acS 2

F o rw ard

GTGTGATTCCTTGAGCTTCGCCAT

R e v erse

TCTACTCCTT AGC AGTC ACCCTGT

PacS3

F o rw ard

CCTGC AAGCC AATTAACTGCCGA A

R e v erse

GAGTCCAGTCATGGTCAATCAGCA

C taA 3

PacSl
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p A N L lO

F o rw ard

CAA GGGCGATCGCTGAGCAAATAA

R e v erse

G ACT A CCGG ATCAG ATTC ACAC AC

pA N L49

F o rw ard

TGAGTCATCCCA AGGGCACCATTT

R e v erse

GGATGCGAGGTAGCAACCACATTT

pA N L24

F o rw ard

AAAGA GTACGGTGGCTATTGTGGG

R e v erse

CATTTGCGATCGCGGTTTGAGTGA

pA N L 21

pA N L54

P rim er
M erA
C taA
PacS
S y c0 4 3 0 _ d
S yc0 4 3 2 _ c
rp sL

F o rw ard

CGCAATCGCAAGATTCCTTCGTCT

R e v erse

CGA TTGCACAGCCAGCATTGAG TA

F o rw ard

ACA AGCCCTCTCTGATTCTCTGAC

R e v erse

ATCGCA GGCTAATGGTCATCTCAG

O rien ta tio n
F o rw ard
R e v erse
F o rw ard
R e v erse
F o rw ard
R ev erse
F o rw ard
R e v erse
F o rw ard
R e v erse
F o rw ard

p A N L lO
(Syn. 7 942 pA N L )

94639732

p A N L 49
(Syn. 7942 pA N L )

3611237101

pA N L 24
(Syn. 7942 pA N L )

1798618468

pA N L 21
(Syn. 7 942 pA N L )

1490515528

p A N L 54
(Syn. 7 942 pA N L )

4128342506

T A B L E 2 (P R IM E R S F O R Q P C R )
S eq u en ce (5 ’ to 3 ’)
TGGTGATGTCTGTTCACCCTGGAA
TTGCCAAGCCCAA AGGGTG AAA
TGTTCAGCGGCAAGTCCTGTT
CTTG GCGATTAGTGTGTTGGTCGT

G en e P rob ed
M erA

S o u rce
Syn. P C C 6301

C taA

Syn. P C C 6301

AAGTTCAAGTAGAGGACTGGGTGC
ACCATCGACTCATCCACGGTC

PacS

Syn. P C C 6301

TGTCTTTCTGACTCGGCTTTCACC
GCT A AGGCGTA A TCTCTG AGCGTT
CAA CTG CACCAACAATAGGAACT

S y c0 430_d

Syn. P C C 6301

S y c0432_c

Syn. P C C 6301

GCCC AAATCAATAGAATTCTTGGTGTC
CCGTATTTGCAACGGCTTT

rp sL (1 6s subunit)

Syn. P C C 6301

5) Polymerase Chain Reaction
Extracted DNA was subjected to polymerase chain reaction in order to determine
the presence of putative mercuric resistance genes. 12.5pL of HotStarTaq Master Mix
(QIAGEN, Cat. No. 203443) was pipetted into a sterile 0.2 mL bubble cap PCR reaction tube
along with 5.5jliL of sterile H20, lpL Forward Primer, lpL Reverse Primer, and 5pL of DNA
extract. The total volume for each reaction tube was 25pL. The reaction tubes were
placed into either a pre-heated Labnet MultiGene II thermal cycler (Labnet International,
Edison, NJ) or VeritiTM 96-Well thermal cycler (Applied Biosystems, Foster City, CA).
The reaction profile typically used was: initial denaturation at 95°C for 15 minutes to
activate the HotStarTaq DNA Polymerase, followed by 35 cycles of denaturation at 95°C
for 1 minute, primer annealing at 56-64°C for 1 minute, and extension at 72°C for 1:30
minutes. At the end of the 35 cycles, the reaction tubes were subjected to a final
extension at 72°C for 5 minutes. Once the thermal cycler cooled down to 4°C, the
samples were removed and stored in a -20°C freezer for future analysis via agarose gel
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electrophoresis and DNA sequencing.

6) Gel Electrophoresis
PCR products were visualized on 1% agarose gels. Each gel was made by weighing out 0.40.7g of agarose (USB Corporation, Cat. No. 32802) and combining it with 40-70 mL of IX
TAE (Tris-Acetate-EDTA) buffer in a 125mL Erlenmeyer flask. The mixture was heated in a
microwave in intervals of 30 seconds until the agarose was completely dissolved. Two
Kimwipes® were placed into the opening of the flask in order to prevent the build up of
condensation within the flask. Upon cooling lpL of 5mg/ml Ethidium Bromide was added to
the flask and mixed until it dissolved into the mixture. The mixture was poured into a gel rig
and allowed to solidify. A gel comb was placed into one end of the mixture after it was
poured in order to produce the wells. Once the gel had solidified, the samples were prepared
for loading by mixing lpL of 10X loading dye with IOjllL of sample. The gel was placed in
the correct orientation, IX TAE buffer was added to the gel rig until it completely covered
the gel, and the samples along with the Hi-Lo DNA marker were loaded accordingly to the
gel. The gel was run at approximately 100-115V for 30-50 minutes, depending on the lengths
of the DNA fragments of interest. The gels were analyzed under UV light using a Kodak
Image Station 440CF (Perkin Elmer Life Sciences, Waltham, MA).

7) RNA Purification using RiboPure™ —Bacteria Kit (Applied Biosvstems Part No. AM 1925)

After samples for the short-term study were collected at 0, 0.5, 1, 2, 4, 6, 8, 24
and 48 hours post inoculation with HgCl2, total RNA was isolated. Samples were
centrifuged at 14,000 for 30-60 seconds and the supernatant removed. For each
sample, approximately 250pL of ice-cold Zirconia Beads were placed into 0.5 mL screw
cap tubes. Next, 350pL RNAwiz was added to the cell pellet and the cells were resuspended
by vortexing vigorously for 10-15 seconds. The cells in RNAwiz were transferred to the
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tubes containing the Zirconia Beads. These tubes were placed horizontally on the vortex
adapter with the tube caps facing the center and vortexed at maximum speed for 10
minutes to lyse the bacterial cells. The bacterial lysates, approximately 200-250pL per
sample, were transferred to RNase-free 1.5 mL microcentrifuge tubes. Next, 0.2 volumes
of chloroform were added to each sample, shaken vigorously for 30 seconds, and then
incubated at room temperature for 10 minutes. Samples were centrifuged at 14,000
for 5 minutes at 4°C. The aqueous phase (top) of each sample, containing the partially
purified RNA, was transferred to fresh RNase-free 1.5 mL microcentrifuge tubes. Next,
0.5 volumes of 100% ethanol were added to the aqueous phase of each sample and were
mixed thoroughly. Next, filter cartridges were placed into 2mL collection tubes and
samples were added to the filter cartridges. Samples were centrifuged for 1 minute at
14.000 to allow binding of the RNA to the filter cartridge and the flow-through was
discarded. Samples were then washed by adding 700pL of wash solution 1 to the center
of the filter cartridge and centrifuged for 1 minute at 14,000 . The flow-through was
discarded and the samples were washed twice by adding 500pL of wash solution 2/3 to
the center of the cartridge and centrifuging for 1 minute at 14,000 and discarding the
flow-through after each wash. The filter cartridges were centrifuged for an additional
minute to remove excess wash solution and then transferred to fresh 2 mL collection
tubes. Total RNA was eluted by applying 30jnL of elution solution, preheated to 95100°C, to the center of the filter cartridge. The samples were centrifuged for 1 minute at
14.000 and the elution step was repeated by adding another 30pL of elution solution
in order to maximize total RNA yield. lOpL aliquots of each sample were
used subsequently in RT-PCR for the synthesis of cDNA and the remainder was stored in
a -80°C freezer.

8) Reverse Transcription cDNA Synthesis using High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Part No. 43688141
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Total RNA extracts from mercury-treated and control cells were used to synthesize cDNA to
study the expression levels of plasmid and mercury resistance genes. Each RT-PCR reaction
sample was prepared by combining the following reagents in a 0.2mL RNase-free PCR tube:
2pL 10X RT Buffer, 0.8pL 25X dNTP Mix (lOOmM), 2jliL 10X RT Random Primers, l.OpL
MultiScribeTM Reverse Transcriptase, 4.2pL Nuclease-free H20, and lOpL RNA sample for
a total reaction volume of 20pL. After combining all components in each PCR tube, the
samples were centrifuged briefly to spin down the contents and to eliminate any air bubbles
that may have formed during the preparation. The samples were placed into the VeritiTM 96Well thermal cycler and were subjected to the following conditions, optimized for the use
with the High-Capacity cDNA Reverse Transcription kit: 25°C for 10 minutes, 37°C for 120
minutes, 85°C for 5 seconds. The samples were allowed to cool down to 4°C before being
removed from the thermal cycler and placed into a -20°C freezer for storage. Please note that
the step at 37°C for 120 minutes was set up as two separate steps for 60 minutes each because
the thermal cycler would not permit a time greater than 99 minutes to be entered in a single
step.
9) Real-Time Quantitative PCR
PCR products from the reverse transcription reaction were subjected to Real-Time PCR in
order to determine the expression levels of putative mercury resistance genes. The following
components were added to each sample: lOpL of Brilliant SYBR Green QPCR Master Mix
(Stratagene, Cat. No. 600548), lpL forward primer, lpL reverse primer, and 8jiL of cDNA
for a total reaction volume of 20pL. The reaction tubes were placed into pre-warmed Applied
Biosystems QPCR thermal cycler (Stratagene, Cat. No. 401405). The reaction profile used
was: initial denaturation at 95°C for 5 minutes, followed by 42 cycles of denaturation at 95°C
for 30 seconds, primer annealing at 56°C for 1 minute, and extension at 72°C for 1 minute.

16

Results and Discussion
1) Observation of growth curve and cellular morphological changes in Synechococcus sp. IU
625 in response to varying concentrations of HgCl2
la) Growth Curve:
The observation of Synechococcus sp. IU 625 grown in media supplemented with various
amounts of HgCl2over a twenty one day period revealed, as expected, that the viability of the
cells is reduced as the amount of HgCl2 in the medium is increased. However, it also revealed that
despite the amount of HgCl2 added to the medium, cell viability is eventually able to return to
exponential levels within a given number of days. As evident from Figure 2, the higher the
amount of HgCl2added to the medium, the longer the lag period observed for the growth of strain
625 cells. The first graph demonstrates the growth curve of the control cells; these cells
demonstrate a lag period of about one day, after which the growth goes into the log phase.
Similarly, the second graph which represents the growth curve of cells grown in 3M medium
exposed to O.lmg/L HgCl2shows a shortened lag period of about one day, after which the cells
also go into the log phase. However, a significant difference is seen in the growth curve
representing cells grown in 3M medium exposed to 0.5mg/L HgCl2. Here, a lag period of about
ten days is observed before the cells undergo a transition into the log phase. Finally, an even
longer lag period is observed for cells grown in medium exposed to l.Omg/L HgCl2. The lag
phase goes up to about seventeen days before growth enters an exponential phase.
These results reveal that the amount of HgCl2 added to the medium has an effect on the cells
ability to undergo proper cell division. As evident from the growth curve, the cells were able to
tolerate media exposure of O.lmg/L HgCl2with virtually no difference in the speed of their cell
division when compared to control cells. However, when the medium was exposed to 0.5mg/L
HgCl2 cell division was drastically hindered, the same division hindrance was observed in cells
grown in media supplemented with l.Omg/L HgCl2.
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Figure 2
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Figure 2. Growth curves of Synechococcus sp. IU 625 grown in 3M media treated with various
concentrations of HgCl2. A. Control growth conditions with no HgCl2added to medium; normal
growth conditions with minimal lag period observed. B. O.lmg/L HgCl2 added to medium;
growth conditions similar to those observed for control sample. C. 0.5mg/L HgCl2 added to
medium; drastic change in growth conditions. Lag period of about ten days is observed before log
period begins. D. l.Omg/L HgCl2 added to medium; even longer lag period of about seventeen
days is observed before log period begins.
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That the cells were eventually able to enter the log growth phase despite exposure to HgCl2 leads
to the question of how the cells were able to either metabolize or adapt to all the mercury present
within the growth medium. As previously mentioned, prokaryotic cells are able to metabolize
mercury and turn it into its volatile, non-toxic form through the enzyme mercuric reductase,
expressed by the MerA gene. The presence of this gene has been confirmed on the genome of
Synechococcus elongatus PCC 6301(51) therefore it is highly likely that Syc. sp. IU 625 utilizes
the same detoxification process. The expression of the MerA gene along with other putative
mercuric resistance genes is probably at their highest during the lag growth phase after
supplementation of media with HgCl2. This is because the cells are not likely to return to their
normal growth capacity until the extracellular environment is free from all of the toxic mercuric
ions. Therefore an analysis of the expression levels of putative mercuric resistance genes would
give insight into the molecular mechanisms that enable to cells to survive in the presence of these
concentrations of HgCl2.

Morphological Analysis:
A key element in the study of mercuric resistance in Synechococcus sp. IU 625 is an analysis of
the physical appearance of the cells in response to mercuric exposure. In order to study the
morphological changes the cell undergoes in response to various amounts of mercuric exposure,
cells supplemented with O.lmg/L, 0.5mg/L, and l.Omg/L HgCl2were harvested at various time
points and subjected to microscopic analysis using differential interface contrast. In addition,
because mercury has been known to cause damage to nucleic acids, the DNA of the cells was
detected via DAIP (4'6-diamidino-2-phenylindole) florescence.
Results revealed that the cells progressively developed altered cytoskeletal formations which lead
to abnormal cell morphology, as indicated by cells viewed 6 days post inoculation with O.lmg/L,
0.5 mg/L, and 1.Omg/L HgCl2(Fig 3). Cells grown in medium with no heavy metal inoculation
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Figure 3 (Note: top and bottom picture overlap)
A. Control Cells

B. O.lmg/L HgCl2

C. 0.5mg/L HgCl2

D. LOmg/L HgCl2

Figure 3. Morphological and DNA changes observed in Synechococcus sp. IU 625 cells upon exposure
to various levels of HgCl2. Top boxes for each sample show morphological changes using Differential
Interface Contrast (DIC). Bottom boxes show the DNA of the cells using DAPI (4'6-diamidino-2phenylindole) fluorescence. A) Control cells show full viability with normal bacilli morphology, and
intact DNA is evident through the amount of fluorescence observed. B) Cell morphology is slightly
elongated, as indicated by red arrow heads. Some DNA damage is also observed. C) Cells exposed to
0.5mg/L HgCl2 show further morphological changes along with some DNA damage. D) Exposure to
l.Omg/L HgCl2 exhibits the most severe morphological changes, in addition to the most DNA
fragmentation.
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exhibit a normal bacilli shape along with sharp fluorescence of intact chromosomal DNA. Also,
as expected, cell numbers are also much higher compared to samples taken from cells exposed to
various amounts of HgCl2. Cells grown in media supplemented with O.lmg/L HgCl2 show slight
elongation and DNA damage. In comparison to control cells, cells grown in media supplemented
with 0.5mg/L HgCl2 show less cell population and some DNA damage is also evident. And most
interestingly, cells grown in media supplemented with l.Omg/L HgCl2show more dramatic
elongation and more DNA fragmentation due to gaps observed in their fluorescence for each cell.

2) Bioinformatic analysis of Synechococcus sp. IU 625 putative mercuric resistance genes
based on genome of Synechococcus elongatus PCC 6301

Jp | ’ .
In order to determine the presence of the mer operon and/or individual mercuric resistance genes
on the genome of Synechococcus sp. IU 625, the reference strain of the Anacistys nidulans genus,
Synechococcus elongatus PCC 6301 was used for the in silico analysis. Strain 6301 was chosen
for several reasons including its close phylogeny with sp. IU 625, it’s completely sequenced and
highly annotated genome, and finally because it has not been subject to as many transformations
as strain 7942, the other strain of the genus.
The search for putative mercuric resistance genes on strain 630l ’s genome was done based on
published genomic sequences of generic mer operons. Because of strain 630 l ’s close relation to
gram negative bacteria, some microorganisms from this group were used for some of the
comparisons. Of high interest was the identification of transport (MerT), detoxification {MerA),
and regulation {MerR), genes. Also, it was of interest to determine the proximity of the above
mentioned genes from each other. In order to assess final protein structure of identified genes,
most of the comparisons were performed with the amino acid sequences.

2a) In silico analysis of the mercuric reductase (MerA) gene on genome of Synechococcus
elongatus PCC 6301
The search for the mercuric reductase gene in strain 6301 revealed that the gene has previously
been identified and assigned the Genbank accession number YP_171141.1 (51). Interestingly, the
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search also revealed the presence of two genes flanking this mercuric reductase gene. These
genes have no homology to any of the identified genes on the generic mer operon of other
prokaryotes. The first gene, Syc0430_d, located 30 base pairs upstream from the mercuric
reductase gene, encodes a hypothetical protein, which is yet to be identified. In addition, this gene
is transcribed in the same direction as the mercuric reductase gene. The second gene, Syc0432_c,
also unidentified, is located 21 base pairs downstream from the mercuric reductase gene and is
transcribed in the opposite direction. This gene also has no homology to any of the identified
genes on the generic mer operon of prokaryotes (Fig. 4). Further analysis on the structure of this
mini operon shows that this unusual flanking of MerA by these two genes of unknown function is
only conserved among certain other species of Cyanobacteria (Fig. 5). Flanking by Syc0430_d is
seen conserved in such Cyanobacteria as Microcystis aeruginosa NIES-843, Nostoc punctiforme
PCC 73102, Microcystis aeruginosa PCC 7806, and Anabaena variabilis ATCC 29413. Flanking
by Syc0432_c is only observed in Synechococcus elongatus PCC 6301 and 7942.

Syc0430_d:
This 678 base pair gene encodes a 225 amino acid hypothetical protein. Using BLAST, this
protein was found to be highly homologous to a SNARE associated golgi protein with an
unknown function. This homology was seen across a wide array of organisms including
Eubacteria, Algae, Diatoms, Mosses, and Conifers (Fig. 6). Although the function of this protein
has not been fully determined, some studies show it might have some involvement in protein
trafficking. Based on its putative involvement in protein trafficking, we hypothesize it’s
involvement in mercuric resistance in response to HgCl2induction. This is because of the close
proximity of the gene to the mercuric reductase gene, and also because earlier studies have shown
that MerA and MerT undergo a transient interaction within the vicinity of the plasma membrane
in other microorganisms. Therefore, we proposed the existence of a mechanism for the transport
of mercuric reductase to the plasma membrane, where it would be in proximal position to carry
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Figure 4A.
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Figure 4: Mercuric reductase gene of Synechococcus ElongatusPCC 6301 and two genes
(Syc0430jdlSyc0432_c) upstream and downstream, respectively. A. Table data demonstrating the close
proximity of MerA to two flanking genes both encoding hypothetical proteins. Syc0430_d located only 30
bps downstream from MerA, and Syc0432_d located only 21bps upstream of MerA. B. Visual
representation of putative operon. Syc0430_d and MerA get transcribed unidirectionally, while Syc0432jc
gets transcribed in the opposite direction.
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Figure 5. BLASTN showing nucleic acid sequence conservation of two flanking genes on either side of
MerA in Synechococcus elongatus PCC 6301; BLAST sequence begins with the first nucleotide sequence
of Syc0430_c and extends to the last nucleotide sequence of Syc0432 d; it incorporates the entire sequence,
including the MerA gene. Conservation of entire nucleotide sequence surrounding MerA is seen only in
Synechococcus sp. 6301 and 7942. Additionaly, other than sp. 6301 and 7942, no significant conservation
is seen in region containing Syc0432_d gene (blue box). However, nucleotide region containing Syc0430_c
flanking gene shows some similarity in certain Cyanobacteria species (orange box).
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Figure 6. BLASTP of Syc0430_c protein product reveals homology to SNARE associated golgi proteins.
The function of these proteins have not yet been fully elucidated, however current studies indicate their
involvement in protein trafficking.
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out the detoxification process. The protein product of Syc0430_d might be involved in the
transport of newly synthesized mercuric reductase enzymes to the plasma membrane for
coordination of Hg2+ with integral membrane proteins involved in the transport of Hg2+ from the
extracellular environment into the cell. Results of the Quantitative Real Time PCR will attempt to
show expression levels of this gene in comparison to expression levels of the mercuric reductase
gene in response to mercuric exposure.

MerA:
BLAST analysis of the mercuric reductase gene in Synechococcus elongatus PCC 6301 shows it
is highly conserved among a wide array of organisms. Because of its long evolutionary history,
the protein product of the mercuric reductase gene is fairly conserved in organisms within the
Bacteria, Archaea, and Eucarya kingdoms. When compared to organisms of the Archaea and
Eucarya kingdoms, phytogeny results show the enzyme is closely related (Fig. 7). It has also been
found to be a thermo-stable enzyme because of its presence in bacteria from deep-sea
hydrothermal vents. As expected, when compared to other species of Eubacteria a high level of
conservation is also observed. This conservation is especially evident towards the middle and Cterminus of the enzyme. The amino acid sequences towards the middle of the enzyme share
homology to families of class I and class II oxidoreductases, as well as NADH
oxidases/peroxidases. This domain functions as NADH and FAD binding sites, NADH being
used as an electron source during the detoxification process, and FAD being used as a cofactor.
The amino acid sequences towards the C-terminus again shares homology with other families of
class I and class II oxidoreductases as well as NADH oxidases and peroxidases (Fig. 8). A close
look at the BLAST results of 6301 ’s MerA reveal intriguing results. As previously stated, it
shows the highest level of conservation among cyanobacteria and proteobacteria, and among
other organisms it is also highly conserved. However, the results reveal that some
microorganisms possess mercuric reductases which are membrane associated. A few examples of
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Figure7. Phylogeny Tree generated with BLAST Tree View shows relation of mercuric reductase protein
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organisms of Archaea and Eucarya kingdoms. Tree shows strain 6301 is most closely related to other
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Figure 8. BLASTP results of mercuric reductase protein of Synechococcus elongatus PCC 6301. Protein
was blasted against other Eubacteria species. High conservation is observed throughout entire sequence,
and most importantly, towards the middle and C-terminal end of the sequence (highlighted in light purple
and pink, respectively). Both domains of conservation belong to two super families (NADB Rossmann and
Pyridine nucleotide-disulphide oxidoreductase) of sequences usually found in other mercuric reductase

polypeptides. Organisms with the highest percentage of homology fell with the Cyanobacteria taxa.
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these microorganisms are Leptothrix cholodnii SP-6, Candidatus Accumulibacterphosphatis
clade HA str. UW-1, Nitrosomonas sp. AL212, Gallionella ferruginea ES-2, Psychromonas
ingrahamii 37 (data not shown).
Compared to amino acid sequences, the nucleic acid sequence from MerA of Synechococcus
elongatus PCC 6301 does not share the high degree of homology to other MerA sequences of
other organisms. The only significant homology observed is with certain other species of
Cyanobacteria (Fig. 9). However, despite the differences in nucleic acid sequences, the resulting
translated amino acids end up sharing physical properties similar to each other.

Syc0432_c:
The amino acid sequence of Syc0432_c is relatively conserved among a wide array of Eubacteria\
however, its complete function is yet to be fully determined. No homology was observed in either
the Archaea, or Eucarya kingdoms. However, detailed analysis shows it possesses amino acid
sequence homology to mostly other hypothetical proteins of several Cyanobacteria species. Such
species include Nostoc punctiforme PCC 73102, Synechococcus sp. RCC307,
Thermosynechococcus elongatus BP-1, and Synechococcus elongatus PCC 7942 (Fig. 10).
Interestingly, the amino acid sequence also contains a -CxxxC- motif towards the N-terminal.
This motif is commonly found in many heavy-metal detoxification enzymes (data not shown).
Analysis of the predicted secondary structure reveals that the protein most likely possesses five
alpha helices, which on average were predicted with a high confidence level (Fig. 1la). Further
information on the protein was obtained by determining its putative trans-membrane topology
(Fig. 1lb & lie). Results from this analysis revealed that its trans-membrane topology would
contain three trans-membrane alpha helices. And in addition, the region containing the putative
metal binding motif was predicted to reside in the extracellular environment. Although certain
genes on other generic mer operons (i.e. MerT, MerP) code for trans-membrane proteins, they
bear no similarity to the general amino acid sequence of Syc0432_c, however they contain metal
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Figure 9. BLASTN results of MerA gene of Synechococcus elongatus PCC 6301. Compared to BLAST
results of amino acid sequences of MerA, the nucleic acid sequences are not as highly conserved among
organisms. Most of the conservation is observed among other species of Cyanobacteria (i.e. Microcystis
aeruginosa NIES-843, Nostocpunctiforme PCC 73102, Anabaena variabilis ATCC 29413 etc. (blue box)).
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Figure 10. BLASTP result of Syc0432_c amino acid sequence. Most conservation is seen among
Cyanobacteria species. In addition, the results show most of the homologous amino acid sequences have
functions that have yet to be determined.
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binding motifs similar to the -CxxxC- motif located on the N-terminal of this protein. Therefore,
it is probable that Syc0432_c is involved in the transport mechanism of Hg2+into the cytosol of
strain 6301.

2b) In silico analysis of the mer operon regulatory gene (MerR) on genome of Svnechococcus
elongatus PCC 6301
Compared with the amino acid sequence, analysis of the MerR nucleotide sequence of strain 6301
shows it only possesses significant sequence homology to the MerR sequence of strain 7942 (Fig.
12a). However, further analysis of the amino acid sequence shows that it belongs to the helixtum-helix superfamily of MerR transcription regulators, and bears homology to the MerR amino
acid sequence of other Cyanobacteria species (Fig. 12b).
As previously mentioned, the MerR gene of other mercuric resistance operons are usually located
a few base pairs upstream from the group of other mercuric resistance genes, which collectively
make up the mer operon. However, in the case of Synechococcus elongatus PCC 6301, the
identified MerR gene, which is assigned the Genbank accession number YP_173062.1, is located
about 2 million base pairs downstream of MerA and its flanking genes. More intriguing is that
297 base pairs downstream from MerR of strain 6301 is a group of genes that are evidently
involved in the biosynthesis of iron-sulfur clusters (Fe-S) (Fig. 13). Fe-S clusters are involved in
a wide range of functions such as controlling protein structure, acting as environmental sensors,
serving as modulators of gene regulation, and participating in radical generation. However, their
direct involvement of Fe-S clusters in mercuric resistance is yet to be fully researched. It should
also be noted that unlike the mer operon of most prokaryotes, the direction of the transcription of
MerR is in the same direction as the transcription of the Fe-S genes located a few base pairs
upstream.
The above mentioned genes located 297 base pairs downstream from MerR are NifS, Syc2354_c,
Ycfl 6, SufB, and FrtC. In silico analysis of the genes reveal their close relationship to Fe-S
assembly genes of other microorganisms. However, their direct relationship of each individual
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Figure 12. A. Synechococcus elongatus PCC 6301 MerR nucleotide sequence BLAST results. Note that
significant homology is only observed in strain 7942. B. MerR Amino acid sequence BLAST results from
strain 6301. Higher level of homology is seen with the amino acid sequence, compared to the nucleotide
sequence; despite differences in nucleotide sequences, the resulting amino acid sequences have properties
similar to each other.
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Figure 13. Identified MerR gene in Synechococcus elongates PCC 630/along with five genes located 297
base pairs downstream. A. Nucleotide and amino acid length information for each of the five genes within
proximity of MerR. Note as opposed to most other mer operons, MerR here gets transcribed unidirectional
along with the other putative heavy metal resistance genes located upstream. B. Visual representation of
table from Figure 10A. All genes differentiated by arrow fill. Note distance of MerR from other cluster of
genes.
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gene to mercury detoxification is unclear. Nucleotide sequence BLAST results of MerR together
with the cluster of five genes reveal that the highest degree of conservation is seen from about
sequence 2509998 to 2512246. This homology falls within the nucleotide sequence coding for
Ycfl 6 and SufB, an ABC transporter ATP-binding protein and a cysteine desulfurase activator
complex subunit, respectively (Fig. 14). Also revealing a high degree of homology are the
sequences which fall between 2507378 to 2508367. Located within this nucleotide sequence is
the gene NifS which codes for cysteine desulfurase, an enzyme involved in the formation of Fe-S
clusters.
Interestingly, further analysis of the MerR gene reveals the presence of two genes located 41 base
pairs upstream from its location (Fig. 15). These two genes, MurB, and MurC, code for enzymes
involved in the peptidoglycan biosynthetic pathway (24). Peptidoglycan is a polymer consisting
of sugars and amino acids that form the layer outside the plasma membrane of bacteria. During
the synthesis of this polymer, MurB codes for an enzyme that carries out the reduction of
enolpyruvyl uridine diphosphate N-acetylglucosamine (EP-UNAG) to uridine diphosphate Nacetylmuramic acid (UNAM), which is an intermediate in the biosynthesis of the UNAMpentapeptide portion of its cell wall precursor (24). Additionaly, MurC codes for an enzyme
which catalyzes the conversion of UDP-MurNAc to UDP-MurNAc-Ala in the assembly of the
disaccharide-peptide unit required for peptidoglycan biosynthesis. It is of interest to note, as
previously stated, that microorganisms possess a variety of mechanisms which impart resistance
to heavy metals including, precipitation of metals as inorganic salts; heavy metal volatilization;
energy-dependent efflux systems; intracellular sequestration with cysteine-rich proteins, and
physical exclusion by exopolymers located on the plasma membrane. The proximity of MerR to
genes involved in the synthesis of peptidoglycan could be a result of the need regulate the amount
of peptidoglycan the cell synthesizes in response to mercury exposure.
As noted, the absorption of heavy metals by surface envelopes of bacterial cells has been reported
in various microorganisms. Periplasmic metal accumulation has been reported for Citrobacter sp.,
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Figure 14. Nucleotide BLAST results of Synechocccus elongatus PCC 6301 showing sequence similarity
from region spanning MerR to FrtC, a putative operon of unknown function. Homology is observed in
between regions containing nucleotides sequences for NifS (blue highlight), Ycfl6 and SufB (orange
highlight). Most conservation is seen within species of Cyanobacteria.
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Figure 15. MerR of Synechococcus elongatus PCC 6301with two genes located 41 base pairs upstream. A.
Information on genes located upstream from MerR. B. Visual operon structure showing MurB, MurC, and
MerR, with arrows showing direction of transcription.
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which produces metal phosphate through a cell-bound phosphatase. Additionaly, the metal
binding sites in the cell wall of Bacillus subtilis have also been described. Anionic groups such as
carboxylate and phosphate groups of peptidoglycan and teichoic acids are considered the major
metal binding sites (24). It is therefore possible that the mechanism of mercuric resistance in Syc.
sp. IU 625 is a combination of detoxification by mercuric resistance enzymes in addition to
sequestration of mercuric ions on the cell wall.
Bioinformatic analysis of other organisms that possess this same proximity of MerR to MurB and
MurC reveal that only the Cyanobacteria Synechococcus elongatus PCC 7942 possesses this
similar cluster of MerR, MurB, and MurC genes. In addition, it reveals that only two other species
of Cyanobacteria, Cyanothece sp. PCC 7425, and Thermosynechococcus elongatus BP-1 possess
a similar proximity of MurB to MurC, without having the similar proximity of MerR (Fig. 16).
Analysis of the expression levels of MurB and MurC, through Q-RT-PCR, in response to varying
amounts of mercuric exposure at varying time points could shed light on the involvement of these
genes in mercuric resistance in Synechococcus elongatus PCC 6301.

2c) In silico analysis of the mercuric transport (MerD gene on genome of Synechococcus
elongatus PCC 6301
Unlike the above mentioned MerA and MerR genes, there is currently no identification of a MerT
gene on the genome of Synechococcus elongatus PCC 6301. Therefore in order to determine its
presence on the genome of strain 6301, comparisons between the MerT amino acid sequences of
several gram negative bacteria belonging to the MerT superfamily of proteins were performed
against the genome of strain 6301. MerT genes from Pseudomonas aeruginosa PA7 and Shigella
flexneri plasmid R100 were used for the comparison. Amino acid BLAST results from MerT of
plasmid R100 confirmed that it belongs to the MerT superfamily of proteins and had homology to
other MerTs of organisms of different taxonomic groups such as enterobacteria, proteobacteria,
and eudicots (Figure 17). However, the results revealed no homology to any transport proteins of
any Cyanobacteria species (Fig. 18). The same analysis was performed with the MerT amino acid
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Figure 16. Nucleotide sequence BLAST results of MerR, MurB, and MurC gene cluster of Synechococcus
elongatus PCC 6301. Highest homology observed in Synechoccus elongatus PCC 7942. Some homology is
also observed in Cyanothece sp. PCC 7425 and Thermosynechococcus elongatus BP-1. However, the
similar proximity of MerR (2506908-2507081) observed in Synechoccus elongatus PCC 7942 is not
observed in either of these species (orange highlight).
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Figure 17. Amino acid BLAST results from MerT of plasmid R100. Results show high homology to other
MerT proteins of various microorganisms, as well as its classification among the MerT superfamily.
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Figurel8. Amino acid BLAST results of MerT of plasmid R100 against the entire phylum of
Cyanobacteria. Results show no significant homology exists between any amino acid sequences.
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sequence of Pseudomonas aeruginosa PA7 and similar results were confirmed (data not shown).
Interestingly, further analysis revealed that another protein usually involved in mercury transport,
MerP, had homology to certain genes on the genome of Synechococcus elongatus PCC 6301. As
previously mentioned, MerP encodes a monomeric mercury binding protein located on the
periplasm. This protein retrieves mercuric ions from the extracellular environment and transfers it
to MerT, which is usually located on the inner plasma membrane. Similar to the analysis done for
MerT, MerP amino acid sequences belonging to the MerP superfamily of proteins was compared
against the genome of Synechococcus elongatus PCC 6301. Performing a BLAST of the MerP
amino acid sequence from plasmid R100 of Shigella flexneri shows it possesses a high homology
to other periplasmic binding proteins of other microorganisms (Fig. 19A). In addition, the results
reveal that the amino acid sequence contains a signature heavy metal associated (HMA) domain.
The HMA domain is a conserved sequence of about 30 amino acid residues found in a variety of
proteins that function as transport or detoxification enzymes for heavy metals such as the CPxtype heavy metal ATPases and copper chaperones. Performing a BLAST of the same MerP
amino acid sequence against genomes of solely Cyanobacteria revealed that it possessed a degree
of homology towards the C-terminus of certain proteins involved in copper translocation (Fig 20).
Interestingly, performing an additional BLAST solely against the genome of Synechococcus
elongatus PCC 6301 seems to indicate that it bears homology to two amino acid sequences coded
by the CtaA and PacS genes, respectively. However, closely analyzing the metal binding motif of
the HMA domains reveals that both the CtaA and PacS amino acid sequences possess the
GMTCxxC domain that is common in most heavy metal detoxification proteins (Fig 21).
CtaA, a cation translocating membrane protein, has been implicated in copper homeostasis. In
addition, PacS, a thylakoid membrane-located protein has also been suggested to be involved in
intracellular copper homeostasis in Synechococcus species. Both these genes are members of the
P-type ATPase family. Although these two genes have been implicated in copper translocation
across the plasma membrane, there have been no studies into their involvement in the mercuric
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Figurel9. BLASTP results for MerP of plasmid R100. A. Amino acid sequence BLAST results comparing
MerP sequence of plasmid R100 to genomes of other organisms. Results reveal that prevalent homology is
seen with the MerP proteins of other microorganisms. B. In addition, results show the sequence falls within
heavy metal associated (HMA) domain of proteins and also contains a highly conserved metal binding site
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44

Figure 20

Sequences producing significant alignments:
A c c e s s io n

D e s c rip tio n

M ax s c o re

|

T o ta l s c o re

|

Q u e r y co v e ra g e

E v a lu e

ZP 05037004.1

copper-translocating P -ty p e A TP ase [Synechococcus sp. PCC 7 3 3 5 ] >gb|EDX35739.1| cop

57.3

57.8

73%

7e-09

ZP 05037314.1

copper-translocating P -ty p e A TP ase [Synechococcus sp. PCC 7 335] >gb|EDX86049.1| cop

55,8

55.8

72%

3e-08

Y P 001865091.1

copper-translocating P -ty p e A TP ase [N ostoc punctiform e PCC 7 3 102] >gb|ACC80148.1| c

55.8

55.8

75%

3e-08

2GCF A

C hain A, Solution Structure O f T h e N -T erm inal D om ain O f T he C oppper(I) A tpase Pacs In

52.8

52.8

74%

2e-07

NP 440588.1

catio n -tran sp o rtin g A T P ase; E1-E 2 A TP ase [Synechocystis sp. PCC 6 803] >sp|P73241,1|A

52.4

52.4

74%

3e-07

YP 475761.1

copper-translocating P -ty p e A TP ase [Synechococcus sp. JA -3-3A b] >gb|ABD00498.1| copp

52.0

52.0

73%

4e-07
7e-07

YP 002373737.1

copper-translocating P -ty p e A TP ase [C yanothece sp. PCC 8 801] > ref|Y P_003138193.1| c<

51.2

51.2

70%

Y P 478548.1

copper-translocating P -ty p e A TP ase [Synechococcus sp. JA -2-3B 'a(2-13)] >gb|A BD03285.

50.4

50.4

75%

le -0 6

ZP 00515434.1

C opper-translocating P -ty p e A TP ase :Heavy m etal translocating P -ty p e A TPase [C rocosph

49.7

49.7

71%

2e-06

ZP 03767517.1

H eavy m etal transport/detoxification p ro tein [N ostoc azollae10 708] >gb|EKG01966.11H ea

48.9

48.9

71%

3e-06

Figure 20. Amino acid BLAST results of MerP of plasmid R100 against the entire Cyanobacteria phylum.

Results show the C-terminal area bearing most of the homology. Topping the list with the highest degree of
homology are species from the Synechococcus genus.
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Figure 21. Amino acid BLAST results comparing MerP of plasmid R100 to genome of Synechococcus
Elongatus PCC 6301. A and B show the only significant homology is with the sequences coded by the
CtaA and PacS genes. C. Notice conserved GMTCxxC motif common in most heavy metal detoxification
proteins.
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ion detoxification process. However, as stated for the above mentioned genes in the previous
sections, a starting point in assessing the involvement of CtaA and PacS in mercuric resistance of
Synechococcus elongatus PCC 6301 would be to observe expression levels of these genes in
response to mercury stress through Q-RT-PCR.

3) Probing for presence of putative mercuric resistance genes on genome of Synechococcus
sp.IU 625
PCR amplification and gel electrophoresis of putative genes:
Upon completion of the bioinformatic analysis of the several putative mercuric resistance genes
of strain 6301, we proceeded to probe the genome of strain 625 for the presence of these genes.
Specific PCR primers were designed for use in amplification of distinct regions of each of the
above mentioned genes. All the primer sequences used for PCR analysis, except for MerB
primers, were designed based on the genome of Syc sp. 6301 (Table 1). Although bioinformatic
analysis of the genome of strain 6301 did not reveal sequences similar to any published MerB
amino acid sequences, we however decided to probe to genome of strain 625 with MerB primers
designed from Escherichia coli AR060302. During the probing of the genome, both intragenic
and itergenic primers were used for the PCR reactions in order to confirm the proximity of
several of the genes from each other. Specifically in the case of MerA where intergenic primers
were used to confirm the proximity of genes Syc0430_d and Syc0432_c from its location (Fig 22).
Primers designed for CtaA and PacS were designed solely for the identification of the presence of
the genes on the genome. Gel electrophoresis results for MerA, CtaA, PacS, Syc0430_d, and
Syc0432_c showed that they fell within the range of the expected amplicon sizes based on
designed primers(Fig 23).
In addition, gel electrophoresis results for PCR reactions run on MerR, NifS, SufD, Ycfl 6, and
FtrC also showed that their sizes fell within the expected ranges. However electrophoresis results
for MerB showed no amplification. And surprisingly, results for SufB also showed no
amplification (Fig. 24). The gel electrophoresis results for MerB was not unexpected because
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Figure 22:
A.

0

Figure 22. Visual representation of MerA and MerR genes of Synechococcus Elongatus PCC 6301
together with flanking genes; arrow heads representing position of primers used for amplification. Notice
intergenous location of primers. A. Visual representation of the position of the four sets of primers used for
amplification of MerA and flanking genes; light-blue arrow heads represent primers used for amplifying
the Syc0430_d region, red arrow heads represent primers used for the amplification of the MerA region,
and green arrow heads represent primers used for amplification of Syc0432_c region. B. Position of the
seven sets of primers used for the amplification MerR along with cluster of genes located downstream.
Dark green arrowheads represent amplification of MerR, purple NifS, red SufD, blue Ycfl6, black SufB,
and light gray FtrC. C. Representation of two sets of primers used for amplification of both MurC and
MurB, located downstream from MerR. Orange arrowheads represent amplification of MurC and gray
arrowheads represent amplification of MurB. Table 1 lists primer sequences along with target genes
amplified.
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Figure 23
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Figure 23. Priming for MerA, Syc0430_d, Syc0432_c, CtaA, and PacS with isolated DNA from Syn.
Sp. IU 625 cells. A) Gel electrophoresis results of PCR reaction run on all five genes. Results show
positive priming for all genes. Genes fall within expected range according to lOkb DNA ladder. Two sets
of primers were designed for MerA, and three sets each were designed for CtaA and PacS. B) Table
showing detailed analysis of gel electrophoresis results. All results fall within expected base pair ranges.
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Figure 24

B.

Gene Probed Expected Amplicon Size Amplicon Size Lane (Left to Right)
MerR
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1
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10
NOT SHOWN
11

627bps

NONE
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Ycfl6
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MerB
Figure 24. Priming for genes MerR, NifS, SufD, Ycfl6, and SufB of Syn. elongatus PCC 6301 with
isolated DNA from Syn. sp. 625 cells. A) Gel electrophoresis results of PCR reaction for all seven genes.
All amplicon sizes fall within their expected ranges. B) Table showing detailed analysis of results.
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bioinformatic analysis of strain 6301 ’s genome did not reveal similarity to any published MerB
sequences. However, the result for SufB was surprising because the presence of every other gene
surrounding it was detected. Even though the PCR reaction was repeated, there was still no
visualization of a band after gel electrophoresis was run (data not shown). Unfortunately, due to
limited time and resources, PCR reactions were not able to be run on the two genes (MurB,
MurC) located 41 base pairs upstream from MerR.

Sequencing of identified genes:
After the presence of the genes was confirmed through gel electrophoresis, the nucleotides of
each identified gene was sequenced in order to confirm homology to strain 6301. Results revealed
that sequence results of all identified genes were at least 95% homologous to strain 6301. In
addition, close analysis of the nucleotides of the overlapping regions of genes Syc0430_d, MerA,
and Syc0432_c, showed that the sequences were identical to those of strain 6301 (Fig 25). The
same was observed for overlapping sequences of MerR, NifS, SufD, Ycfl 6, and FtrC. Finally, the
sequence results of the CtaA and PacS genes also show a high level of homology to the same
genes of strain 6301 (data not shown).

4) Determination of location of putative mercuric resistance genes of Synechococcus sp. IU
625 (Plasmid vs. Chromosome)
The location of mercuric resistance genes on Synechococcus sp. IU 625 was of interest. As
previously mentioned, most mercuric resistance genes of other microorganisms are located
chromosomes, plasmids, transposons, or a combination of all three in some cases (5). Here, we
used above mentioned chromosome specific primers of mercuric resistance genes designed from
strain 6301 on purified plasmid DNA from sp. IU 625. Primers designed for amplification of
chromosomal MerA, MerR, CtaA, and PacS genes were tested on purified plasmid DNA of strain
625. Finally, primers for several other genes located on plasmid pANL of strain 7942 were also
tested on the purified plasmid. Previous studies revealed that the number of plasmids in strain 625
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Figure 25. Retrieved sequence results from PCR reactions based on primers designed from strain
6301 for genes Syc0430_d, MerA, and Syc0432_c. A) Sequence results for priming of MerA gene shows

a 99% homology, as well as a high conservation with the flanking region of the gene (orange highlight).
Similar results are observed with Syc0430_d and Syc0432_c, B and C, respectively.
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increased in response to mercury stress. In addition, some previous studies have also confirmed
the presence of plasmids in strain 625, which are related to the plasmids found in strain 7942
(Perez, 2009 MSU Master’s Thesis). Therefore primers were designed for amplification of
plasmid specific genes that we hypothesized to be involved in the mercury detoxification
pathway. Primers were designed for the following genes: pANL49,pANL10,pANL54, and
pANL24. Primer design was held to the same criteria as was used for the design of strain 6301 ’s
chromosomal specific primers. And PCR amplification of plasmid DNA also followed the same
criteria as PCR amplification of chromosomal DNA.
Our bioinformatic studies revealed that pANL49 codes for cysteine synthase; an enzyme catalyzes
the last step of cysteine biosynthesis. It is possible that this might have a role to play in mercuric
resistance since most mercuric resistance proteins require cysteine to sequester mercuric ions.
Therefore, does exposure to toxic levels of mercury induce the increased expression of this gene
in order to keep up with the demand of cysteine required for mercuric resistance proteins? Further
bioinformatic analysis ofpANLlO showed that it coded for an enzyme involved in DNA breaking
and rejoining. Could this also be increasingly expressed in response to mercury stress?
Additionaly, our bioinformatic search also revealed that pANL54 coded for a protein involved in
periplasmic transport systems. Proteins within this family use membrane-bound complexes and
substrate-bound, membrane-associated, periplasmic binding proteins (PBPs) to transport a wide
variety of substrates, such as, amino acids, peptides, sugars, vitamins and inorganic ions. Finally,
bioinformatic analysis of pANL24 was found to code for a transcription regulator.
Gel electrophoresis results from the PCR reaction showed that, as expected only primers designed
from the genes located on plasmid pANL of strain 7942 were able to amplify purified plasmid
DNA from strain 625. All four plasmid specific genes probed for showed expected positive
results, while none of the chromosome specific genes showed any amplification (Fig 26).

5) Analysis of expression levels of identified putative mercuric resistance genes through
Quantitative Real Time Polymerase Chain Reaction
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Figure 26
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Figure 26. Gel electrophoresis results from PCR reaction run with chromosomal and plasmid specific
primers from strain 6301 and 7942. pANL 10, 24, 49, and 54 were amplified from plasmid specific
primers designed from strain 7942. PacS, CtaA, MerA, and MerR were amplified from chromosomal
specific primers designed from strain 6301. A) Gel electrophoresis results show that primers designed for
CtaA, PacS, MerA, and MerR, based on strain 630l ’s genome do not amplify purified plasmid DNA from
strain 625. In addition, it also reveals that primers designed for several genes on the pANL plasmid of
strain 7942 are able to amplify purified plasmid DNA from strain 625. Therefore, this indicates a close
relationship between the plasmid DNA of strain 7942 with the plasmid DNA of 625. B) Information on size
of expected amplicons and size of actual amplicons. Results show all amplicons are within range.
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In order to study the expression levels of the identified putative mercuric resistance genes that
had been identified in Synechococcus sp. IU 625, total RNA was isolated from mercury treated
cells at various time points over a 48 hour period. Cells were inoculated with O.lmg/L, 0.5mg/L,
and l.Omg/L HgCl2 and RNA was isolated at Ohrs, l/2hrs, lhr, 2hrs, 4hrs, 6hrs, 8hrs, 24hrs, and
48hrs post inoculation from each of the concentrations. cDNA was synthesized from the isolated
RNA and QPCR was attempted on the synthesized cDNA. Primers were designed for the MerA,
PacS, CtaA, Syc0430_d, and Syc0432_c genes. Primers designed were between 90 and 110 base
pairs for each gene. Although primers were designed for the above mentioned five genes, only
primers for the MerA gene was used for the expression study. This was due to limited time and
resources because for each time point assayed, four replicates were performed. This led to a
limited amount of space on the plate reader. Although only primers for MerA were used in the
QPCR analysis, the other primers were used to run a PCR reaction on cDNA synthesized from
RNA isolated from cells inoculated with 0.5mg/L 6 hours post inoculation. Gel electrophoresis
results indicate the presence of all genes of interest in the cDNA used for the PCR reaction (Fig
27).
Expression levels of the MerA gene were analyzed at 0, 6, and 24 hours post inoculation with
three concentrations of (0.1, 0.5, 1.0 mg/L) HgCl2. On average, the Ct values show an increase in
expression for all samples inoculated with mercury (Fig 28). Specifically, in the case of cells
inoculated with O.lmg/L HgCl2, an eight fold increase in expression is observed at time Ohrs in
comparison to the control sample. The Ct value then goes up to 35.3 and 35.6 at 6hrs and 24hrs,
respectively. This result indicates that the expression of the gene is induced within minutes of
mercuric induction. And also, as time goes on, the expression seems to gradually return to lower
levels. This is probably because at such a low concentration, the cell does not need an excessive
amount of time to detoxify all the mercury from its environment.
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Figure 27
Lad

PacS

Smt

Rsp

A49

CtaA 0430

P64 MerA 0432

Figure 27. PCR reaction on cDNA synthesized from RNA isolated from cells inoculated with
0.5mg/L HgCl26hrs post inoculation. Gel electrophoresis results indicate the presence of all
genes of interest in the cDNA used for the PCR reaction.
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In the case of cells inoculated with 0.5mg/L of HgCl2, expression is also observed within minutes
of mercuric induction. The Ct values were 35.2, 34.4, and 33.3 for 0, 6, and 24hrs, respectively.
These values clearly show that the expression of the gene gradually increases with time.
Compared with the control value, these values show that there is an average 8-fold increase in
expression in response to inoculation with 0.5mg/L HgCl2. The fact that the Ct values are
increasing, as opposed to the values observed for O.lmg/L, shows that the cells need more time to
detoxify the higher amount of mercury within the medium.
Values for l.Omg/L also show increased expression when compared to control samples. However,
results for 24hrs at this concentration were not able to be attained due to time and resource
constraints. However, on the whole, the results show a definite increase in expression for the
MerA gene in response to mercury stress in Syn. sp. IU 625.
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Conclusion

The study of mercuric resistance in microorganisms has been on going for the past few decades.
A lot of information has been acquired through out all previous studies; however, a lot is still left
to be uncovered. The degree of pollution in today’s environment warrants a more in depth study
of the mechanisms microorganisms use in their resistance to heavy metals; specifically mercury.
Cyanobacteria, such as Synechococcus sp. IU 625 are excellent models for this study because
they are ubiquitous organisms.
The complete mechanism of mercuric resistance in Cyanobacteria is yet to be fully understood,
therefore this study attempted to identify the genes involved in the resistance mechanism of
Synechococcus sp. IU 625. Based on the genome of Synechococcus elongatus PCC 6301 several
hypothetical genes, including mercuric reductase, and the mercuric reductase regulatory gene,
were able to be identified. Bioinformatic analysis of the identified genes seemed to indicate that
mercuric reductase was localized to the plasma membrane of the microorganism. In addition, the
arrangement of the genes also seemed to indicate that along with detoxification by mercuric
reductase, Syn. sp. 625 might also utilize synthesis of its peptidoglycan layer in reducing the
permeability of the mercuric ions, thereby reducing the amount of detoxification the cell needs to
perform.
Most surprising was that, unlike mer operons of other prokaroytes, the mercuric resistance
regulatory gene was located about 2Mbps upstream from the location of the mercuric reductase
gene. This left open the question as to how the mercuric reductase gene was being regulated. In
addition, because of the close vicinity of iron-sulfur cluster genes and peptidoglycan biosynthesis
genes to the mercuric resistance regulatory gene, it also led to the question of their involvement in
mercuric resistance. Although RT-QPCR results were only able to show (due to limited
resources) the involvement of mercuric reductase in the detoxification process it would have been
interesting to see what role the other genes (CtaA, PacS, MurB etc) play in the entire process.
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An elucidation of the full mechanism of mercuric resistance in Syn. sp. IU 625 could lead to the
development of vectors that could impart detoxification capabilities that far surpass that which is
currently observed in Syn. sp. 625.
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Future Studies
This study has laid the groundwork for a continuation in delving into the molecular mechanisms
of mercuric resistance in Synechococcus sp. IU 625. The following are studies that could be
carried on based on results obtained from this study:

1) Comparison of expression levels of all other putative mercuric resistance genes.
Syc0430_d, Syc0432_c, CtaA, PacS, MurB, and MurC. In addition, the involvement of
the Fe-S genes located downstream from MerR could also be analyzed through
expression levels.
2) Sequencing of identified genes from Syn. sp IU 625 purified plasmid; pANLlO,
pANL24, pANL49, pANL54.
3) The design of an assay to detect peptidoglycan levels of cells exposed to various
concentrations of mercury over a certain time period. This would validate the
involvement of the MurB and MurC genes in the resistance mechanism of Syn. sp. 625.
4) Construction of vector with mercuric resistance genes to impart greater resistance to
mercury and other heavy metals and eventual transfection of Syn. sp. 625.
5) Determination of the kinetics of mercuric resistance in Synechococcus sp. IU 625 and a
comparison to other gram positive and gram negative organisms.
6) Determination of the mechanism of regulation of MerA by MerR despite its 2Mbp
distance from MerA.
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